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1. Introduction
There is a large body literature which explains the
enhancement of the properties by incorporation of
nano filler into polymers. Depending on nano filler
types (nanofibers: nanotubes and whiskers, nano
particle: silicate layer, nano size isotropic: titanium
dioxide) the obtained nanocomposites can offer
[1–4]:
– better mechanical properties
– lower permeability against the gases
– higher heat deflection temperature
– higher flame retardancy.
To achieve all of aforesaid improvements, the pres-
ence of fully exfoliated or intercalated and well dis-
persed of nano fillers in polymer matrix is neces-
sary.
In the melt intercalation method for producing of
nanocomposite, the most important parameters
which lead to gain this morphology are surface
modification of nano filler by surfactants and
proper processing conditions.
Many attempts have been focused on the describ-
tion of the effects of processing parameters (in sin-
gle and twin screw extruders and batch mixers) on
the variation of nanocomposite morphology.
Demirkol and Kalyon [5] studied different methods
(batch and continuous) to produce nanocomposite.
Their results point to the difficulty of the genera-
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Abstract. In this work, basic mathematical models and response surface graphs have been used to illustrate the relationship
between mixing parameters in internal mixer and properties of the SBR (styrene butadiene rubber)/organoclay composites.
Using a Box-Behnken statistical design experiment methodology, the effects of mixing temperature (80–140°C), mixing
time (4–12 min) and nano filler amount (3–9 phr) in SBR nanocomposites on the properties (tensile properties, scorch time
and Mooney viscosity) were evaluated. It was found that the mixing parameters (time and temperature) have the predomi-
nant role in properties and morphology of nanocomposite. The R2 values (the R2 values indicate the degree of agreement
between the experimental results with those predicted by model) of all responses were above 0.85. Increasing temperature
and mixing time facilitated a better organoclay dispersion which resulted in a better tensile property. With increase in nan-
oclay amount in composite the scorch time and Mooney viscosity decreased. The morphology of nanocomposite was stud-
ied by XRD (X-ray diffraction) and TEM (Transmission electron microscope). Intercalation and exfoliation of the nanoclay
were observed for samples with higher temperature and longer mixing time. Due to thermal degradation of the rubber
matrix at 140°C, tensile properties of the nanocomposite were decreased.
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when the interfacial properties between the poly-
mer melt binder and the organoclay are not favor-
able.
The effect of shear field on the morphology of
nanocomposite has been reported by Homminga
et al. [6]. They found the shear forces can facilitate
the break-up of large-sized agglomerates, whereas
the extent of further exfoliation of the mineral lay-
ers is determined by the compatibility between the
polymer matrix and the mineral layers rather than
shear forces.
Residence time and mixing efficiency as affective
parameters in nanocomposite morpholology have
been considered by many research groups. Borse
and Kamal [7] reported that the larger residence
time and higher mixing efficiency lead to higher
degree of exfoliation and better mechanical proper-
ties of polyamide nanocomposites while Zhu and
Xanthos [8] reported the residence time is a domi-
nant factor in producing satisfactory polypropylene
nanocomposite in extruder and that coupling of
long residence time and high shear rate might result
in poor exfoliation of nano filler.
Many attempts have been focused on the field of
rubber/organo clay nanocomposites. The status and
future trends [9], mechanical properties [10–12],
rheology and thermodynamic [13] and effect of
vulcanization ingredients [14] were studied.
In spite of many researches in the field of the
extrusion of thermoplastic nanocomposites, there
are only a few publications about affective param-
eters in batch mixer for producing rubber nano-
composite.
Other researchers [15] studied the effect of mixing
on the properties of NR, SBR, BR and EPDM
nanocomposites. Their results showed the mixing
process plays a predominant role in formation
nanometer scale dispersion structure. The effect of
mixer type and mixing temperature on the proper-
ties of EPDM nanocomposite has been studied by
Gatos and his coworkers [16]. It was found that
increasing temperature and high shear mixing
improve the mechanical performance of the rubber
nanocomposite.
Using response surface methodology to optimize of
process variables on flexural properties of epoxy/
organoclay nanocomposites has been reported by
Chow and Yap [17].
The purpose of the present work is to investigate
the effect of mixing time and temperature in the
internal mixer and nano filler amount on the prop-
erties of SBR nanocomposites. To analyze the
results, response surface methodology were
applied. The properties as response were scorch
time, Mooney viscosity and the tensile properties
(tensile strength, modulus, and elongation at
break).
2. Experimental
2.1. Materials and sample preparation
Poliran SBR-1500 containing 23.5% of styrene was
from Bandar Imam Petrochemical Co, Bandar
Imam, Iran. The nanoclay was Cloisite 10A from
Southern Clay, TX, USA with 1.92 nm initial
gallery heights, modified with dimethyl benzyl
hydrogenated tallow (2MBHT) quaternary ammo-
nium, cation exchange capacity (CEC) was
110 mequiv/100 g. The activators (zinc oxide and
Stearic Acid) and the curing agents (Sulfur and
N-Cyclohexyl-2-benzothiazole sulfenamide (CBS))
purchased from local market. The formulation of
nanocomposites was: SBR; 100 phr (per hundred
rubber), nanoclay (variable 1, 3, 5 phr), Stearic
acid; 1.5 phr, Zinc oxide; 5 phr, CBS; 1.5 phr, sul-
fur; 1.5 phr.
The compounding was carried out using HAAKE
internal mixer (SYS 90, USA) with a Banbury
blade. At first, SBR was fed into the mixing cham-
ber, the nanoclay and CBS were then added into the
chamber after 2 minutes and mixing continued until
predetermined time (in internal mixer). The pro-
cessing conditions of nanocomposites preparation
(time and temperature of mixing) and nano amount
were given in Table 1. The other curing ingredients
were mixed on two-roll mill (Schwabenthan, model
Polymix 200L) for 4 min at ambient temperature.
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Table 1. The Box-Behnken experimental design
Sample No. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Mix temp. [°C] 80 140 80 140 80 140 80 140 110 110 110 110 110 110 110
Mix time [min] 4 4 12 12 8 8 8 8 4 12 4 12 8 8 8
Nano level [phr] 6 6 6 6 3 3 9 9 3 3 9 9 6 6 6Vulcanization of the samples was carried out in a
compression molding machine WCH202, Toyo-
seiki, Japan at 160°C for 15 minutes.
2.2. Measurements
Mooney viscosity (ML(1+4)100) was investigated
by 4309, ZWICK, Germany according to ASTM
D1646 and rheometry test was made according to
ASTM D2084 by 4308, ZWICK, Germany. The
scorch time is the time to reach to 10% of maxi-
mum torque in the rheometry curing curve.
Tensile properties were measured according to
ASTM D412 using Instron model 6025, UK. The
cross head speed was 500 mm/min.
Wide-angle X-ray diffraction (XRD) measure-
ments were carried out at room temperature on a
D5000, Siemens, Germany. X-ray diffractometer
with CuKα = 1.541 nm with a generator voltage of
40 kV and a generator current of 100 mA. The
scanning rate was 2°/min over a range of 20.
The morphology structure of the nanocomposites
was investigated by an EM 208, Philips, Nether-
land transmission electron microscope (TEM) with
an acceleration voltage of 100 kV. The ultrathin
slides were obtained by an Ultracut UCT, Leica
Germany at –55°C.
2.3. Experimental design
The Box-Behnken design was chosen as an experi-
mental design for finding the exact quantitative
relationship between properties of nanocomposite
as the responses and different mixing conditions
and content of nanoclay in the formulations. This
design is rotatable which means that all the points
in design area are at equal distance from the center
points [18].
The number of design points (N) is calculated by
Equation (1):
(1)
where k and m are the number of factors and the
number of replicates of the center points respec-
tively. The replicate of center points is due to
checking the reproducibility of the samples. The
multiple linear regression analysis was used and the
data were fitted as linear or second order equations.
The order of equations are specified based on the
lack of fit test and maximizing simultaneously
three parameters viz. R2 (the R2 values indicate the
degree of agreement between the experimental
results with those predicted by model), adjusted R2
and predicted R2. 
A computer analysis has been done using commer-
cially available package (MINITAB V13.2) to
compute the equation constants.
In this study, the three variables in SBR nanocom-
posite at three levels Box-Behnken design was used
which are shown in Table 2. According to this
method 15 runs were necessary with three replicate
of the center point. The design of experiment is
shown in Table 2. A random sequence of experi-
ments was implemented to minimize the sample
preparation error.
Using response surface methodology with mini-
mum number of experiments, it is possible to
obtain quantitative equations for the effect of pro-
cessing condition on the properties of SBR/organ-
oclay nanocomposites. Application of this method
has been reported in rubber field by Kukrejaa
et al. [19].
3. Results and discussion
In Table 3 some statistical information and the
equation of the model for each response are repre-
sented. The R2 values for all responses are obtained
in the range of 0.85–0.97. Although, R2 closer to
1 means that the model is more valid but range
achieved for R2 in this study is an indication of a
very good fitting of the experimental data by the
response surface method in the models.
To interpret of the variation of the mechanical
properties, it is useful to start by expressing the
morphology of the nanocomposite. Figure 1 shows
the XRD diffraction pattern of organoclay, SBR
and samples No.4, 5 after curing. The diffraction
peak of organoclay at 2θ = 4.59° corresponds to
1.952 nm inter gallery distance (001). For sample
No.5, it is obvious that after preparation of
nanocomposites, diffraction peak of organoclay has
been shifted to the lower 2θ (2.4 nm) value which
means that the intercalation morphology is formed.
m k N
k + + = 2 2
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Table 2. Three levels Box-Behnken design
Variables Low Medium High
Time [min] 4 8 12
Temperature [°C] 80 110 140
Nano level [phr] 3 6 9The intensity of the X-ray patterns characterizing
the degree of intercalation were changed with the
mixing condition for samples with intercalation
morphology. It seems that a good combination of
time and temperature of mixing in sample No.4
(12 min, 140°C) could achieve a fully exfoliated
morphology so that the peak of organoclay disap-
peared in XRD pattern. As discussed later the
mechanical properties are affected by these mor-
phologies. Similar XRD patterns have been
reported for exfoliated and intercalated SBR/organ-
oclay composites in literatures [20–22].
By TEM, one can obtain information on the real
state of spatial distribution of the nano particles.
Figure 2 shows the typical TEM micrograph from
intercalation morphology which presents the dis-
persion state of the rubber-clay nanocomposites
(sample No.5). The micrographs are given in low
and high magnification. The dark lines represent
the intersection of the nano silicate layers while the
white background corresponds to rubber matrix. As
can be seen, there is some stacking nano silicate
layers with the thickness of about 10–20 nm.
The effects of mixing time and temperature on the
tensile strength of SBR/organoclay composite at
three levels of nanoclay are shown in Figure 3. As
shown with increase of mixing time, the tensile
strength increases. It seems the mixing time has the
main role in the variation of tensile strength. The
highest increment in this property is attributed to a
combination of high temperature and long mixing
time for the all ranges of nanoclay. This is because
the aforesaid condition facilitates the nanoclay
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Table 3. Statistical data and the equation for different responses
mixing time: MTime, mixing temperature: MTemp, nanoclay level: NL
Response R2 Adjusted R2 Equation of the model
Scorch time [min] 0.967 0.924
2.3108 + 0.3488 (MTemp) + 0.0925 (MTime) – 0.8762 (NL) +
0.4887 (MTemp)2 + 0.4087 (NL)2 + 0.3900 (MTemp×MTime) +
0.2025 (MTemp×NL) – 0.1250 (MTime×NL)
Mooney viscosity
(ML(1+4))
0.859 0.853
42.795 + 0.952 (MTemp) + 0.349 (MTime) + 1.489 (NL) –
2.515 (NL)2 + 3.150 (MTemp×MTime) + 2.108 (MTemp×NL)
Tensile strength [MPa] 0.828 0.917
1.7893 + 0.0499 (MTemp) + 0.2135 (MTime) + 0.2704 (NL) –
0.0014 (MTemp)2 + 0.0638 (MTime)2 – 0.1154 (NL)2 +
0.2093 (MTemp×MTime) + 0.0710 (MTemp×NL) + 0.0692 (MTime×NL)
Elongation at break [%] 0.877 0.853
311.95 + 25.46 (MTemp) + 16.06 (MTime) + 29.69 (NL) +
31.07 (MTemp)2 – 41.13 (MTime×MTemp)
Figure 1. XRD diffraction patterns of organo clay, SBR
and samples No.4 and No.5
Figure 2. TEM micrographs of the sample No.5. a) low magnification, b) high magnificationintercalation process. Vaia and Giannelis [23, 24]
interpreted the intercalation process by thermody-
namic approach. They believe that the intercalation
process is influenced by enthalpy of the system
which is affected by the rate of diffusion of poly-
meric chain into the gallery of nanoclay. If the dif-
fusion process of chains obey the Arrhenius
equation [D = D0exp(–ΔE/RT)], the diffusivity of
polymer into the nano layers will increase with tem-
perature, where D is the diffusion coefficient, D0 is
the pre-exponential factor of the diffusion process
independent from the temperature, ΔE is the activa-
tion energy, T is the absolute temperature and R is
the gas constant. In other words with the increase of
temperature the mobility of rubber chains and con-
sequently the rate of diffusion increases and so
facilitates the intercalation process.
Another important point in Figure 3 is that at con-
stant mixing time with increase of temperature, ten-
sile strength decreases especially at 3 phr of
nanoclay concentration. It can be explained as fol-
lows: the tensile strength is balanced by two oppo-
site effects, the positive effect is the interaction
between rubber chains and nanoclay and the nega-
tive effect is the rubber degradation during mixing
at high temperature. It should be considered that at
longer mixing time (above 8 minutes), the positive
effect of intercalation on the tensile strength is
stronger than that of thermal degradation. This phe-
nomenon can also be seen in sample containing
9 phr of nanoclay where the slope of decreasing of
tensile strength versus temperature (Figure 3c) is
lower than those of other samples.
Elongation at break values versus time and temper-
ature of mixing at three levels of nanoclays are
demonstrated in Figure 4. As expected, the elonga-
tion at break is affected by temperature, mixing
time and nanofiller content. It is well known that
the elongation at break of rubber nanocomposite
depends on the morphology of nanocomposites.
Due to slippage of rubber chains in the presence of
the free surfactant of nanoclay in exfoliated or
intercalated morphology, the elongation at break
increases [25–29]. In other words, the surfactant
can act as a lubricant in the nanocomposites. In
addition, the orientation of silica layers under ten-
sile stress is another reason for increasing of elon-
gation at break. The highest value for this property
was related to sample No.8 which the conditions
were 8 min, 140°C and 9 phr of nanoclay. This
trend indicates the longer mixing time at highest
temperature led to the thermal degradation of SBR
and consequently the elongation at break decreases.
Mixing time and temperature dependency of scorch
time is demonstrated in Figure 5 at three levels of
nanoclay content. It is clear, with increase of nan-
oclay content in nanocomposite, the scorch time
decreases. This can be attributed to presence of
organic group of surfactant in nanaoclay. The for-
mation of Zn-complex in the presence of sulfur and
ammonium group of the surfactant has been
reported for butadiene rubber with the sulfur/sul-
fonamide vulcanization systems by researchers
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Figure 3. Tensile strenght versus mixing time and mixing
temperature at different nanoclay contents:
a) 3 phr, b) 6 phr, c) 9 phr[12]. They reported that the obtained chelate is
more active than sulfenamid accelerators and it
facilitates crosslinking reaction which leads to
shorter scorch time. Similar results have been
reported for scorch time of crosslinking of NR,
SBR and ENR and it was found that the longer
chain length of surfactant can also shorten the
scorch time [11, 30–32]. As can be seen, the varia-
tion of scorch time versus temperature passes
through a minimum of around 120°C for all sam-
ples. It seems, since at high temperature of mixing,
the exfoliated morphology can be attained, ammo-
nium groups are more available and so the possibil-
ity of formation of Zn-complex is higher and
crosslinking reaction leads to a shorter scorch time.
After minimum point (120°C) in this curve, the
scorch time is affected by degradation of rubber
chains especially at longer mixing time. In other
words, during mixing, the chemical structure of
rubber is changed by thermal degradation, and the
rate of crosslinking reaction is somewhat affected
by this phenomenon and the scorch time increases.
The variation of Mooney viscosity versus mixing
time and nano content at three levels of mixing
temperature is shown in Figure 6. As can be seen at
lower temperature (Figure 6a) Mooney viscosity
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Figure 4. Elongation at break versus mixing time and mix-
ing temperature at different nanoclay contents:
a) 3 phr, b) 6 phr, c) 9 phr
Figure 5. The variation of scorch time versus time and
temperature of mixing at different nanoclay con-
tents: a) 3 phr, b) 6 phr, c) 9 phrdecreases with increasing mixing time. Generally,
viscosity of rubber nanocomposites may be
affected by lubricating effect of pendant chains of
surfactant in intercalation or exfoliation morpholo-
gies. At lower temperature and longer mixing time
the viscosity decreases. Under these conditions, the
good dispersion of nano particles can be attained
and the organic surfactant cause the slippage of
rubber chains. This behavior may be also attributed
to the orientation of silicate platelets upon shearing
in Mooney viscosity test [33].
With increasing of temperature (Figure 6b and 6c),
the trend of Mooney viscosity variation changes
and passes through minimum. The slope of incre-
ment at 140°C is higher than at 110°C. This is
because the CBS accelerator can be activated at
high temperature and partial crosslinking may
occur in nanocomposites which was confirmed by
extraction test before crosslinking. The undissolved
part of this test implies partial crosslinking in the
samples. The presence of rubber crosslink bonds in
the compound is the main reason of increased vis-
cosity which can overcome the effect of chain slip-
page and nanoclay orientations.
4. Conclusions
This study, aimed at investigating the effect of pro-
cessing conditions (temperature and mixing time)
and nano filler content on mechanical performance
and structure of SBR/organoclay (MMT) compos-
ites using response surface methodology, the fol-
lowing conclusion can be drawn: 
1. Mathematical models and response surface
graphs are obtained to illustrate the relationship
between mixing parameters in internal mixer
and properties of the SBR/organoclay compos-
ites. It is obvious that this prediction suggests
only a first approximation for other polymer
grades and other equipments.
2. Increasing temperature and mixing time con-
tribute to a better organoclay dispersion which
results in improved mechanical properties.
3. Thermal degradation of the matrix occurred at
high temperature (140°C) of mixing and
mechanical properties were affected by this phe-
nomenon.
4. Intercalation and exfoliation of the clay were
noticed for samples containing higher tempera-
ture and longer mixing time.
5. With increase of nanoclay content in composite
the scorch time decreases. 
Based on the present work by using the response
surface methodology with minimum number of
experiment, it is possible to obtain quantitative
equation for properties of SBR/organoclay com-
posite vs. different processing variables and nano
filler content. With this equation one can optimize
the nano filler content and the processing parame-
ters for producing the nanocomposite with opti-
mum properties.
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Figure 6. Mooney viscosity against mixing time and nano
content at three levels of mixing temperatures:
a) 80°C, b) 110°C, c) 140°CReferences
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